[1] The relationships between double-onset substorm, pseudobreakup, and IMF variation were investigated with magnetic, auroral, and particle observations from space to the ground during 0200-0600 UT on 4 September 1999. There were five consecutive bursts of Pi2 pulsations on the ground during the time of interest. The onset time of ground Pi2s maps to the same variation sequence in the IMF structure seen propagating to the Earth in multiple satellite observations in the upstream region. The comparison of auroral and energetic particle data with IMF observations shows that a sequence of two doubleonset substorms intervened by a pseudobreakup appears in two distinct cycles of southward IMF followed by a northward interval. For the first substorm, the first onset begins when the B y magnitude declines after the IMF turns southward for about 90 min, and the second onset occurs after northward turning of the IMF accompanied by an increasing B y magnitude. The pseudobreakup appears while the IMF turns southward and the B y magnitude slightly decreases. For the second substorm, the first onset commences while the IMF remains southward with a steady B y magnitude, and the second onset occurs after the IMF becomes strongly northward and the B y magnitude decreases instead. These observations can be explained with the two-neutral-point model. The first onset occurs when the IMF turns southward. Reconnection at the near-Earth neutral point first begins on closed field lines within the plasma sheet, and the second onset occurs when the IMF turns northward and reconnection at the distant neutral point ceases and reconnection at the near-Earth neutral point may reach the open flux of the tail lobes. In addition, a decrease in the B y magnitude may help reduce magnetotail convection and release all the built-up flux to allow the onset to commence after northward turning of the IMF. If the IMF remains southward, the reduction of magnetotail convection due to a decreasing B y would lead to a pseudobreakup instead. In contrast, an increasing B y magnitude would increase magnetotail convection and weaken magnetospheric substorm after the IMF turns northward. Consequently, for the occurrence of double-onset substorms and pseudobreakups, not only the first onset begins spontaneously during steady southward IMF and the second onset appears after northward turning of the IMF but the B y change also affects magnetotail convection which may evoke (or abate) the substorm-related activation while the IMF turns southward (or northward). 
Introduction
[2] The substorm process cannot be completely understood without explanation of the common appearance of pseudobreakups prior to substorm onsets. Before the availability of space-borne measurements, early ground observations showed that a group of Pi2 pulsations generally occurred successively during substorm onsets (see review by Saito [1969] ). Rostoker [1968] found that a substorm often has two Pi2 pulsations and two individual ''bays'' in the horizontal component of the magnetic field denoted as the trigger bay and the main bay, respectively. Other early studies [e.g., Kisabeth and Rostoker, 1971; Clauer and McPherron, 1974] reported some evidence of multiple onsets accompanied by Pi2 pulsations in a magnetospheric substorm. Currently, Pi2 pulsations (with a period 40-150 s) are well known as the impulsive and damped oscillations of the geomagnetic field associated with substorm onsets [Baumjohann and Glassmeier, 1984; Yumoto, 1986; Olson, 1999] , but what causes the occurrence of successive Pi2 pulsations during a magnetospheric substorm is still not well determined.
[3] Recently, on the basis of magnetic field data around auroral latitudes, Mishin et al. [2000 Mishin et al. [ , 2001 pointed out two distinct onsets in a magnetospheric substorm of which the first occurs at low latitudes and the second at higher latitudes. To explain both the observations of Mishin et al. [2000 Mishin et al. [ , 2001 , Russell [2000] extended the near-Earth neutral point model by Russell and McPherron [1973] with emphasis on the role of the distant neutral point. In the model, the interplay between near-Earth and distant neutral points in the magnetotail creates two onsets, one when reconnection at the near-Earth neutral point first begins on closed field lines within the plasma sheet and one when the near-Earth neutral point reaches the open flux of the tail lobes. The timing of the second substorm onset should be controlled by the distant neutral point that in turn is controlled by northward turning of the IMF. Thus during a magnetospheric substorm, there can be at least two Pi2 bursts in space as well as on the ground as the incident IMF initially becomes southward for a period time and later northward. By mapping the onset time of ground Pi2s to the IMF monitors and substorm-like magnetic disturbances at geosynchronous satellites on the nightside of 5 May 1999, Cheng et al. [2002b] found three successive onsets in a sequence of southward IMF interval followed by a northward IMF interval marked by a single cycle of tail buildup and decay. They suggested that the physical process of the first two successive onsets could be interpreted with the two-neutral-point model. As for the third onset, Cheng et al. [2002b] proposed that tail reconnection might be very unsteady and could stop and restart. Thus what mechanisms let tail reconnection restart again when the IMF is strongly northward after a sequence of north to south and to north again needs further investigation.
[4] On the other hand, Lyons et al. [1997] , by using coordinated satellite observations, reported that substorm onsets could be triggered by a reduction in the B y magnitude of the IMF. Following Lyons et al. [1997] , Blanchard et al. [2000] attempted to establish the predictability of substorm onsets followed by sharp northward turnings of the IMF and found that some prediction failures may result from an increase in the B y magnitude which presumably opposes magnetotail convection. In addition, Figure 6b in the work of Cheng et al. [2002b] shows that the B y magnitude of the IMF decreases before the third onset. Thus the question arises when the IMF becomes northward, can an increase in the B y magnitude stop substorm onset, and can a decrease in the B y magnitude restart onset?
[5] On 4 September 1999, there were successively two distinct cycles of growth and subsequent decay in the AL index data during 0200 -0600 UT. As observed at the IGPP/ LANL and MEASURE stations, two consecutive Pi2 bursts occurred in each cycle in addition to one Pi2 burst at the end of the first cycle. The meridian scanning photometer array (MPA) at CANOPUS observed four auroral brightenings during the time of interest. The last two brightenings following each Pi2 onset were also seen by the Polar Ultraviolet Imager (UVI). Concurrently, GOES 8 (moving across the midnight sector) and GOES 10 (moving into the postdusk sector) detected two magnetic disturbances like those affected by the substorm current wedge. Moreover, the energetic particle data at LANL 1990-095 showed a threestep dispersionless enhancement in the electron flux. By mapping the onset time of ground Pi2s to IMF monitors, the magnetic structures observed by ACE (XGSM $ 244.6 R E ), Wind (XGSM $ 64.1 R E ), and Geotail (XGSM $ 25.7 R E ) were found to propagate to the Earth in the same sequence of north to south and to north again. These magnetic, auroral, and particle observations from the ground to space provided an opportunity to attack the aforementioned question in this study.
Ground Observations
2.1. Ground Pi2 Pulsations, AL Index, and H Component at MEASURE
[6] Since Pi2 pulsations are impulsive, damped oscillations, it is appropriate to identify consecutive Pi2 bursts by visual inspections. Cheng et al. [2002a] defined two consecutive Pi2 bursts to be consecutive while the oscillating amplitude of the first Pi2 burst decreases to under half of its peak value before the onset of the second burst. They are also defined to have a time interval between onsets of the first and second bursts of at least 3 min longer than the longest Pi2 period. Moreover, Rostoker [2002] proposed that to comprehensively study the substorm process one should select a broad time span of observational data. A 4-hour period was adopted in this study to examine the process of successive onsets.
[7] In Figure 1 , the dashed line denotes the onset of ground Pi2 pulsations. Figures 1a -1e show five successive Pi2 pulsation bursts in the time derivative of the H component filtered with a band pass of 6.7-25 mHz at IGPP/ LANL and MEASURE during 0200-0600 UT on 4 September 1999. Four clear Pi2 bursts occurred simultaneously at the Athabasca (ATH, L = 4.63), Boulder (BLD, L = 2.34), and Los Alamos (LAL, L = 1.97) stations in the IGPP/ LANL array in addition to the one clearly seen by the Clarkson (CLK, L = 3.10) and Jacksonville (JAX, L = 1.80) stations at MEASURE. The locations of these stations in the IGPP/LANL and MEASURE array are listed in Table 1 . The IGPP/LANL array, a joint project by the Institute of Geophysics and Planetary Physics (IGPP) at the University of California, Los Angeles, the University of California, Berkeley, the Los Alamos National Laboratory (LANL), and the US Air Force Academy, spreads across North America from high to low latitudes. A more detailed introduction of stations and instrumentation at IGPP/LANL is given by Le et al. [1998] . The detailed introduction of stations and instrumentation at the Magnetometers along the Eastern Atlantic Seaboard for Undergraduate Research and Education (MEASURE) can be accessible at the website (http://www-ssc.igpp.ucla.edu/uclamag).
[8] Except for the first Pi2 burst occurring at 0235 UT, other bursts appeared successively at 0256 UT, 0340 UT, 0359 UT, and 0435 UT in Figures 1a -1e , respectively. Figures 1a -1f show that two pairs of Pi2 bursts occur during the two distinct substorms except the one at 0340 UT. The Pi2 burst at 0340 UT, at the onset time of pseudobreakup that can be seen in the MPA data shown in the next subsection, occurred at the end of the first cycle of growth and subsequent decay in the AL index. In addition, both the amplitude and duration time of the last two Pi2 bursts occurring at 0359 UT and 0435 UT are larger than the others. For the first pair, the Pi2 wave activity is not clear until 0256 UT at IGPP/LANL but can be clearly seen after 0235 UT at MEASURE. Moreover, the amplitude of Pi2 burst at CLK (L = 3.10) is largest in contrast to those at JAX (L = 1.80) and other three available MEASURE stations not shown in this study. Like those events studied by Cheng et al. [1998 Cheng et al. [ , 2004 , this may be due to the coupling of a magnetospheric cavity (resonance) mode to field line resonances and/or a surface wave at the plasmapause driven by the impulsive source in the magnetotail after substorm onset. In this study, the first Pi2 pair associated with the first substorm are denoted as #F1 and #F2, respectively. The Pi2 burst at 0340 UT, related to the pseudobreakup, is denoted as #PB. The last two Pi2 bursts in association with the second substorm are denoted as #S1 and #S2, respectively.
[9] Since substorm activity can be recognized from the growth and subsequent decay of the AL index [e.g., Rostoker, 2002] , the AL data set at CANOPUS was used Figure 1 . Consecutive bursts of ground Pi2 pulsations, AL index, and H component at MEASURE on 4 September 1999. The dashed line denotes the onset of ground Pi2s. #F1 and #F2 denote the first and second Pi2 bursts associated with the first substorm, #PB for the Pi2 burst related to the pseudobreakup, #S1 and #S2 for the first and second Pi2 bursts associated with the second substorm, respectively. in this study. There were apparently two distinct cycles of growth and subsequent decay in the AL index data during the period 0200 -0600 UT on 4 September 1999. In Figure 1f , the first cycle began at $0235 UT and the other consisting of two subcycles occurred successively in the beginning at $0359 UT and $0435 UT, respectively. Figure 1f shows that the minimum magnitude of the first cycle is quite smaller than the other. Because the minimum magnitude is larger than 100 nT, these cycles of growth and subsequent decay in the AL index indicate the existence of substorm activations accompanying the five Pi2 bursts at IGPP/LANL and MEASURE.
[10] According to Lyons [1996] , the current wedge formation is unique to substorms. In this study, midlatitude magnetic perturbations are also used to distinguish substorms from other types of geomagnetic activity besides using Pi2s and the AL index. Figures 1g-1k show the H component magnetograms from the midlatitude to lowlatitude stations at MEASURE. From Figures 1g-1k , one can see that there are clearly two consecutive enhancements after the onset of each Pi2 pair. At the onset time of the first Pi2 pair, the H component enhancement at JAX (L = 1.80) and FIT (L = 1.68) can be clearly distinguished from the other three stations. Especially the double enhancements of the H component at MEASURE during the occurrence of the last Pi2 pair are much larger than the first pair. These magnetic perturbations are like those affected by the substorm current wedge. There is a trend in Figures 1g-1k that the magnitude of two successive enhancements after each Pi2 onset declines from high to low L except for #PB. Moreover, the slope of the H component enhancement at CLK (L = 3.10), GTF (L = 2.88), and MSH (L = 2.75) is steeper than that at JAX (L = 1.80) and FIT (L = 1.68). Except for CLK (L = 3.10), the magnitude of the first enhancement is larger than the second one. These features imply that the substorm current wedge may form and expand longitudinally and tailward after each Pi2 onset during the second substorm. Thus this further demonstrates the occurrence of two double-onset substorms during the time of interest.
Photometer Images at CANOPUS
[11] In this study, we inspected the MPA data at CANOPUS to check for auroral activations in association with the onset of ground Pi2s. In Figure 2 , the 486.1 nm emissions at Gillam show four intensive auroral activations occurring close to magnetic latitude 66°during the period 0200 -0600 UT corresponding to 1900 -2300 LT (local time) on 4 September 1999. The Gillam station is located at 66.69°corrected magnetic latitude and 331.68°c orrected magnetic longitude with L = 6.39. The 486.1 nm emissions respond to proton precipitation via scattering into the loss cone, possibly resulting from the violation of the guiding center approximation in the cross-tail current sheet. The source region of enhanced 486.1 nm emissions corresponds to the inner edge of the plasma sheet [Samson et al., 1992] . Figure 2 shows that the auroral intensity suddenly increases after the onset time of ground Pi2s. Except for the second intensification, other auroral activations expand toward magnetic latitude 70°in the 557.7 nm emissions. Figure 2 also shows that after the burst #S1 onset, the intensity in the 557.7 nm emissions initially spreads with a wide latitudinal range and later gradually declines from magnetic latitude 66°to 64°but sustains until the onset time of the burst #S2. At that time, the 557.7 nm emissions suddenly intensified over magnetic latitude 68°and became stronger than those at lower latitudes. The 557.7 nm emissions are due mainly to greater than 1 keV electron precipitation but also weakly to proton precipitation in the inner portion of the plasma sheet [e.g., Lyons et al., 1997] . Before the first auroral brightening, the 486.1 nm emissions intensified gradually and were slightly delayed from the 557.7 nm emissions with the weak intensity. However, for the first and last two auroral brightenings, the expansion of auroral intensity toward high and low latitudes as well is apparent in the 486.1 nm emissions. In general, the characteristic feature of auroral breakup after substorm expansion onset is a brightening accompanied with both poleward and equatorward movements [e.g., Rostoker, 2002] . Hence the second auroral intensification may be regarded as a pseudobreakup. In Figure 2 , one may also see that the last intensification in the 486.1 nm emissions at $0440 UT is somewhat delayed from those in the 557.7 nm emissions at the Pi2 onset time of 0435 UT. This type of event has also been called auroral activation since there is still ongoing activity. In this study, we prefer substorm onset as the terminology to denote the last auroral breakup. Consequently, we classify the Pi2 burst at 0340 UT as signifying a pseudobreakup, while other two pairs of consecutive Pi2 bursts occur in association with two double-onset substorms. For reference, a dashed arrow 
Satellite Observations

IMF Data
[12] Figures 3a -3c show that the sequence of southward and northward IMF observed at ACE, Wind, and Geotail is reflected in the five bursts of ground Pi2s on 4 September 1999. In Figures 3a -3c , #F1 and #F2 denote two Pi2 bursts associated with the first substorm, #PB for the one related to the pseudobreakup, and #S1 and #S2 for the last pair during the second substorm, respectively. The dotted line denotes the IMF B y component and the solid line for the IMF B z component. The dashed line denotes the equivalent time of the Pi2 bursts referenced to the satellite data. The equivalent time of consecutive Pi2 bursts at satellite takes into account the propagation of the IMF to the Earth. As in the work of Cheng et al. [2002a] , the propagation time of the IMF to the Earth is simply estimated as the ratio of the distance of the satellite locations in the Earth-Sun line and the x component of solar wind velocity (denoted as the X distance estimation). On 4 September 1999, ACE was located about x $ 244.6 R E (Earth radii) in GSM coordinates. During the time of interest, the solar wind speed was approximately 500 km/s. Figure 3a shows that there was a steady southward component of the IMF at ACE lasting for more than 1 hour before $0200 UT (corresponding to the #F2 onset time on the ground) and the IMF turned northward at 0215 UT. Moreover, the IMF B y at ACE switched from positive to negative at $0145 UT (corresponding to the #F1 onset time on the ground) in Figure 3a . Except for the Wind and Geotail satellites, Figures 3b and 3c are in the same format as Figure 3a . Figures 3b and 3c show that at Wind (XGSM $ 64.1 R E ) and Geotail (XGSM $ 25.7 R E ), #F1 commences while the IMF remains southward with a declining B y , #F2 is at the time of strongly northward IMF, #S1 occurs as the IMF remains southward, while the IMF observed at ACE is turning horizontal, and #S2 appears as the IMF is strongly northward. With close inspection of Figures 3a -3c , two pairs of consecutive Pi2 bursts occur under the same IMF variation except for #PB. The IMF at the #F2 onset turns northward for ACE and becomes strongly northward at Wind and Geotail. From  Figures 3b and 3c , one may see that #F2 appears as the IMF B y component increases to positive and #S2 occurs as the B y magnitude decreases and switches to negative.
[13] Further, one can find in Figure 3 that all three satellites unanimously observed the same distinct change of the IMF B z related to ground Pi2 onsets on 4 September 1999. As for the two northward turnings of the IMF related to #F2 and #S1, they appeared at $0210 UT and $0308 UT at ACE, at $0235 UT and $0355 UT at Wind, and at $0248 UT and $ 0403 UT at Geotail, respectively. Also, the time of two southward turnings of the IMF related to the bursts #PB and #S2 was $0248 UT and $0410 UT at ACE, $0323 UT and $0455 UT at Wind, and $0330 UT and $0503 UT at Geotail, respectively. By comparing the IMF variations among three satellites, one also can see in Figure 3 that the time interval between two neighboring distinct IMF B z changes at Wind and Geotail is longer than that at ACE. This indicates that the IMF propagates from ACE to the Earth with the same structure but bearing both radial and azimuthal expansions. For the timing accuracy, we also analyzed their time delays and errors from one satellite to the other. In addition to the X distance estimation, the time delay of the distinct IMF B z change is estimated with the assumption of Parker spiral propagation, the same that Blanchard et al.
[2000] adopted. Since the magnetic structure at ACE is similar to those at Wind and Geotail in Figure 3 , we resort to using the formula proposed by Collier et al. [1998] to estimate the time delay error from one satellite to the other. By comparing the X distance estimation to Parker spiral propagation, one can find in Table 2 that for all four distinct IMF Bz changes, the difference of the time delay between two methods is about $11 min from ACE to Wind and $5 min from ACE to Geotail. The time delay error varies from $8 min to $14 min from ACE to Wind and from $7 min to $9 min from ACE to Geotail. From ACE to magnetopause contact at 10 R E in front of the Earth, the time difference between the X distance estimation and the Parker spiral propagation is about $3 min. Thus the time delay error of the IMF structure at Geotail propagating to Earth's magnetopause could be less than 3 min. Since the time difference between the X-distance estimation and the Parker spiral propagation is smaller than the time delay error by Collier Here t (in min) denotes the time delay of a distinct IMF B z change from one satellite to the other; Dt is the time difference between the X distance estimation and Parker spiral propagation; Dt is the time error of IMF B z change from one satellite to the other. The subscript ''A'' denotes ACE, ''W'' denotes Wind, ''G'' denotes Geotail, and ''M'' denotes the magnetopause contact at 10 R E in front of the Earth, respectively. X denotes the X distance estimation, P denotes the Parker spiral propagation, and C denotes the Collier et al. [1998] , it is appropriate to simply use the X distance estimation for the timing analysis of IMF variations related to ground Pi2 onsets in this study.
Magnetic Field Data at Geosynchronous Orbit
[14] In this subsection, we turn to examine the magnetic field data at GOES 8 and GOES 10 on 4 September 1999. From 0200 UT and 0600 UT, GOES 8 moved across the midnight sector in the time corresponding to from 2100 LT to 0100 LT, and GOES 10 orbited into the postdusk sector in the time corresponding to from 1700 LT to 2100 LT. These synchronous orbit satellites provide us an opportunity to examine the dynamic process of successive substorm onsets in the inner magnetosphere. Note that the dashed lines in Figure 4 denote the onset time of consecutive Pi2 bursts on the ground. The magnetic field at GOES 8 and GOES 10 is defined as Hp, perpendicular to the satellite orbital plane (or parallel to the Earth spin axis in the case of a zero degree inclination orbit); He, perpendicular to Hp and directed earthward; and Hn, perpendicular to Hp and directed eastward. During the time of interest, GOES 8 was moving across the midnight sector. In the upper part of Figure 4 , the He and Hp components at GOES 8 do not have any clear perturbation like the Hn component but still small fluctuations after the #F1 and #F2 onsets. At that time, GOES 8 was far from the location of the substorm current wedge. In contrast to the He and Hp components, the Hn component at GOES 8 drops sharply after the #PB onset in Figure 4b . This indicates that at the #PB onset, GOES 8 moved close to the outflow part of the substorm current wedge. Figures 4a and 4c show that before the #S1 onset the He component begins to decrease and the Hp component begins to increase. However, for the #S2 onset, the Hp component did not increase until 0440 UT. The decreasing Hp component at GOES 8 may be due to more tail loading in the plasma sheet before the second onset. Figure 4b also shows some amplitude fluctuations in the Hn direction around other Pi2 onsets. These confirm the existence of the substorm current wedge [Clauer and McPherron, 1974] during that period.
[15] During the time of interest, GOES 10 moved in the dusk sector. Unlike GOES 8, GOES 10 detected a small magnetic fluctuation after the #F2 onset. In Figures 4e -4f , there are two clear magnetic disturbances, especially in the Hn and Hp components, the first disturbance beginning at $0359 UT and the second one commencing at $0435 UT. The magnitudes of the first disturbance are larger than the second one. In Figures 4e and 4f , the magnitude of the Hn and Hp components increase after the onsets of #S1 and #S2. This is consistent with the location of GOES 10 outside of the substorm current wedge illustrated by Clauer and McPherron [1974] .
[16] As a result, the magnetic field data at synchronous orbit satellites have substorm like perturbations in the night magnetosphere after each Pi2 onset. This means that each pair of two consecutive Pi2 bursts on the ground are closely related to two successive onsets in one isolated substorm.
Energetic Particle Data at Geosynchronous Orbit
[17] In this subsection, we examine the energetic particle data from LANL geosynchronous orbit satellites on 4 September 1999. From 0000 UT and 0600 UT, LANL 1990-095 stayed in the nightside magnetosphere. In Figure 5 , there are two small enhancements in the electron flux at LANL 1990-095 after the time of $0230 UT and $0300 UT; meanwhile, #F1 and #F2 appear on the MPA data at Gillam. Like Figure 2 , Figure 5 shows that a dashed arrow denotes the Pi2 onset related to the pseudobreakup and solid arrows for those associated with substorm onsets. Moreover, there was a three-step enhancement in electron flux beginning at $0400 UT, about the #S1 onset time on the ground. The enhancement reached a maximum at $0440 UT, somewhat delayed from the #S2 onset at 0435 UT. In Figure 5 , there are also some dispersed flux enhancements at the LANL-97A, 1994-084, and 1989-046 satellites. These indicate that energetic particle flux originates from the tail and moves into the inner magnetophere and spreads to the dayside as well. This implies that the occurrence of consecutive Pi2 bursts is associated with particle injection from the magnetotail after substorm onsets.
Polar UVI Images
[18] In this study, the UVI images at Polar on 4 September 1999 are used to examine if five consecutive Pi2 bursts are associated with auroral brightenings. Owing to data availability, the time frame of the Polar UVI images only covers the occurrence period of ground Pi2s from 0345:47 UT to 0457:32 UT. In Figure 6 , there is a sudden auroral brightening at 0402:20 UT after the #S1 onset on the ground. The auroral intensity declined instantly but did not diminish until 0418:54 UT. Afterward, no auroral activations appeared. Suddenly, the second auroral brightening occurred at 0435:07 UT and the intensity increased afterward. By comparing Figure 6 to Figures 1 and 2 , we see that there were two successive substorm onsets occurring at 0359 UT and 0435 UT on 4 September 1999.
Discussion
[19] There is still a controversy about whether substorm onsets are triggered externally or internally. From earlier studies to recent observations, ground-based measurements have revealed the occurrence of multiple onsets in a single magnetospheric substorm sequence. Except for the Cheng et al. [2002a Cheng et al. [ , 2002b attempt to study the relationship between substorm onsets and the IMF with consecutive bursts of Pi2 pulsations, there have been few studies to examine what mechanisms result in the occurrence of multiple onsets in a magnetospheric substorm. With analysis of auroral observations and energetic particle flux at geosynchronous orbit satellites as well as magnetic field data, the 4 September 1999 event is the most comprehensive observational evidence to study the relationships between double-onset substorm, pseudobreakup, and IMF variation.
[20] On 4 September 1999, there were two distinct cycles of growth and subsequent decay in the AL index data from 0200 to 0600 UT. During the time of interest, double Pi2 bursts at IGPP/LANL and MEASURE occurred in each cycle in addition to the one at the end of the first cycle (see Figures 1a -1d ). According to Rostoker [2002] , the pseudobreakup can be identified as an auroral brightening without any polarward movement, while the auroral breakup is the one with both polarward and equatorward movements. The analysis of the MPA data at Gillam shows that three auroral breakups and one pseudobreakup are accompanied by each Pi2 onset during that period (see Figure 2) . The last two auroral breakups following each Pi2 onset were also seen by the Polar UVI (see Figure 6) . Meanwhile, the MEASURE array, GOES 8, and GOES 10 detected two pairs of magnetic disturbances like those affected by the substorm current wedge (see Figures 1g-1k and 4) . Moreover, the existence of a substorm current wedge is supported by the energetic particle data at LANL 1990-095 that show two small dispersionless enhancements of electron flux successively occurring at the onset of first Pi2 pair and the third one clearly enhanced in three steps after the #S1 onset (see Figure 5 ). These observational results bearing clearly substorm-related indicators, demonstrate a sequence of two double onsets intervened by a pseudobreakup during the time of interest.
[21] In this study, the time shift from ground Pi2s to the IMF observations was simply based on the measured solar wind velocity and X distance. For the timing accuracy, we calculated the time delay from one satellite to the other with the X distance estimation and Parker spiral propagation used by Blanchard et al. [2000] as well. In Table 2 , one can see that the time difference between two methods is less than the uncertainty estimated with the formula proposed by Collier et al. [1998] . Hence it is appropriate to simply use the X distance estimation instead of Parker spiral propagation in this study. By mapping the onset time of Pi2 bursts to multiple satellite observations, the IMF changes in the same sequence of north to south and to north again. #F1 begins while the IMF remains southward and the B y magnitude decreases. However, #F2 occurs after northward turning of the IMF and the B y component increases in Figure 3 . The auroral breakups and substorm-related magnetic disturbances during the first substorm become weaker than those in the second one. This implies that an increase in the B y magnitude may oppose the magnetotail convection as suggested by Blanchard et al. [2000] to abate the substorm-related activation. In other words, the second onset of the first substorm was excited at the IMF northward turning, but at the same time the increasing B y weaken auroral breakup and magnetic substorm. At the #S1 onset time, there is a slight difference among satellite observations with only ACE observing a northward turning of the IMF. The comparison with Wind and Geotail observations shows that #S1 occurred while the IMF remained steadily southward with Bz = À2 nT for about 15 min on 4 September 1999. As aforementioned, it is justified that #S1 is really associated with substorm onset. Generally, one may think that the IMF observations would mimic the condition at the Earth's magnetopause when the spacecraft was closer. Since the uncertainty from Geotail to magnetopause contact is about 3 min, it is possible that there was not really a northward turning of IMF for the #S1 onset. In other words, the first onset of the second substorm may occur spontaneously during steady southward IMF. Moreover, this does not meet the strict selection criteria set by Blanchard et al. [2000] for the triggering of substorm onset by northward turning of the IMF. The locations of Wind and Geotail are upstream and near the Sun-Earth line with a radius distance r $ 31 R E and r $ 8 R E , respectively. According to Lyons et al. [1997] , the percentage of substorm onsets triggered by the IMF as seen by the satellite is 89% at a distance r < 30 R E . Hence it is unlikely to be coincident for the triggering of substorm onsets by the IMF into a strong northward field in this study.
[22] For the #S2 onset, the magnetic field data from all IMF monitors also show that the Bz component is larger than zero and the B y component declines and becomes negative. This indicates that this substorm onset can occur when the IMF becomes strongly northward with a declining B y component. As studied by Cheng et al. [2002b] , the substorm onset occurs while the magnitude of IMF B y decreases. As a result, the reason why sometimes more than two consecutive Pi2 bursts occur may be attributed to the southward IMF moving back to north again and accompanied by a decreasing B y component. In other words, the release of the energy stored in the magneotail during the southward IMF would not unload completely when the IMF turns northward with an increasing B y magnitude.
[23] According to the two-neutral-point model by Russell [2000] , a pseudobreakup could be generated by northward turning of the IMF, which stops reconnection at the distant neutral point, and the reconnection rate at the near-Earth neutral point increases temporarily. At the same time, reconnection at the near-Earth neutral point does not reach the tail lobes, and a full expansion phase does not follow. In this study, there is the question of why the #S1 onset occurred without any IMF change at Wind and Geotail?
One may argue that reconnection at the near-Earth neutral point can reach the tail lobes even when no IMF northward turning is present, depending on how thin the near-Earth plasma sheet was at that time. If it is the case, the plasma sheet before the first onset should be thinner than that for #PB. There is a view that the thinness of the plasma sheet before substorm onset is highly correlated to the southward flux accumulated in the tail. By integrating negative IMF B z at Wind and Geotail, however, one may find from Figure 3 that the southward flux convected to the magnetotail before #F2 appears to be much larger than that for the #S1 onset. Moreover, in Figure 1 , the local minimum of AL index after #F2 is not larger than that for the #S1 onset. In contrast, the energy release from the magnetotail after #F2 is not stronger than that for the #S1 onset. Hence these suggest that the IMF B y may play a critical role in the interpretation on how to lead to successive onsets in addition to the IMF B z . When the IMF turns southward, the supply of new magnetic flux and plasma to the tail for the situation with an increasing IMF B y magnitude is less than that with a decreasing one. Namely, the plasma sheet for the IMF with a decreasing B y magnitude is thinner than that with an increasing one. Thus the IMF B y variation may affect the pressure condition between the closed field lines in the plasma sheet and those in the tail lobes. When the IMF turns northward with an increasing IMF B y magnitude, reconnection at the nearEarth neutral point does not reach the tail lobes and its rate increases but not strongly. When the IMF turns northward with a decreasing IMF B y magnitude, reconnection at the near-Earth neutral point reaches the tail lobes with an explosive rate of increase.
[24] Although no observational data in the magnetotail are available for this study, auroral observations and magnetic field measurements at midlatitudes and geosynchronous orbit shed some light of the interplay between the distant neutral point and the near-Earth neutral point. At the #S2 onset time on 4 September 1999, the auroral intensity in the 557.7 nm emissions at Gillam suddenly appeared at higher latitude and became stronger than those at lower latitudes that gradually declined after the #S1 onset of the second substorm (see Figure 2) . By using Geotail observations, Hoshino et al. [1996] confirmed the existence of a second distant neutral point in the magnetotail. In addition, Kawano et al. [1996] found the sequence of earthward and tailward field-aligned beam directions when Geotail entered a plasmoid. At the north of Gillam, the geomagnetic field lines may thread through the tail lobes over the near-Earth neutral point. According to Russell [2000] , there is a delay between the time when the IMF turns northward and the time when reconnection at the near-Earth neutral point reaches the open field of the lobes. Reconnection at the distant neutral point stops when the IMF turns northward. Reconnection at the near-Earth neutral point keeps going to the lobes and results in the second onset due to the unchanged pressure between the closed field lines in the plasma sheet and those in the tail lobes. Hence there is a possibility that reconnection at the near-Earth neutral point may reach the tail lobes and earthward field-aligned plasma flows lead to the intensification in the 557.7 nm emissions at higher latitudes. At the same time, the Hp component at GOES 8 declined at the #S2 onset and later suddenly increased at the second onset of 0440 UT (see Figure 4c ). This signifies that there is more accumulated flux or thinning in the plasma sheet near at the near-Earth neutral point before the second onset.
[25] On the ground, the H component magnetograms from midlatitudes to low latitudes also showed that there were clearly two consecutive enhancements like those affected by the substorm current wedge after last two Pi2 onsets (see Figures 1g -1k) . The magnitude of these two enhancements decreased from midlatitudes to low latitudes during the time of interest. Moreover, the slope of the H component enhancement at midlatitudes became steeper than that at low latitudes. There is also a trend in Figures 1g-1k that the magnitude of the first enhancement is larger than the second one. These features imply that after the second onset the formation of the substorm current wedge may appear more tailward than the first one. In addition, the IMF B z became positive and the B y magnitude declined after the #S2 onset (see Figure 3) . These observational results suggest that for the second onset, reconnection at the distant neutral point ceases and reconnection at the near-Earth neutral point reaches the open flux of the tail lobes. Consequently, a full expansion follows when the IMF turns northward and the B y magnitude decreases. Furthermore, these interpretations were verified with automated forward modeling by Connors [1998] . Hence we have shown that the two-neutral-point model can account for the occurrence of successive substorm onsets on 4 September 1999.
[26] By using a synthesis of the near-Earth neutral point model and the current disruption model, Reeves et al. [1992] attempted to interpret the occurrence of triple injections of energetic particles during the CDAW 7 substorm like the one in Figure 5 . They suggested that current disruptions dipolarize the field in three steps to create triple injections. If it is as Reeves et al. [1992] proposed, there should be the one-to-one relationship between magnetic disturbance and particle injection due to the current disruption. However, for the second substorm in this study, there are two clear magnetic disturbances accompanied by three electron flux enhancements at LANL1990-095. From Figures 4a -4c , one may argue that there is a slight but not clear magnetic perturbation at GOES 8 after 0420 UT at the time the electron flux at LANL1990-095 enhanced at the second step. As for this flux enhancement, its magnitude is equivalent to the two others and contrary to small and unclear magnetic disturbances sensed by GOES satellites. Unfortunately, the Reeves et al. [1992] study did not investigate their associations with IMF variations. Therefore the 4 September 1999 event is not in favor of their synthesis model. In Figure 3 , one can find that the IMF B y magnitude decreases in two steps before the #S2 onset. There is the possibility that magnetotail convection may slow down after the first step of decreasing B y . This creates the unstable condition in the near-Earth cross-tail current and subsequently the current disruption diploarizes the field to initiate the second injection. Thus this suggests once again that IMF B y change can affect magnetotail convection to create the substorm-related activation.
Summary and Conclusion
[27] In this study, the relationships between double-onset substorm, pseudobreakup, and IMF variation were studied with the comparison of auroral and energetic particle data with IMF observations from 0200 to 0600 UT on 4 September 1999. During the time of interest, five consecutive Pi2 bursts occurred in a sequence of two double-onset substorms intervened by a pseudobreakup. By mapping the onset time of ground Pi2 bursts to the IMF variation seen by multiple satellites in the upstream region, there were two distinct cycles of southward IMF interval followed by a northward interval in the time series of two substorms. For the first substorm, the first onset starts when the B y magnitude declines after the IMF turns southward for $90 min, and the second onset occurs after northward turning of the IMF accompanied by an increasing B y magnitude. The pseudobreakup appears while the IMF turns southward and the B y magnitude slightly decreases. For the second substorm, the first onset begins while the IMF remains southward with a steady B y magnitude, and the second onset occurs after the IMF becomes strongly northward and the B y magnitude decreases instead.
[28] These observational results can be explained under the framework of the two-neutral-point model. The first onset occurs when the IMF turns southward. Reconnection at the near-Earth neutral point first begins on closed field lines within the plasma sheet, and the second onset occurs when the IMF turns northward and reconnection at the distant neutral point ceases and reconnection at the nearEarth neutral point may reach the open flux of the tail lobes. In addition, a decrease in the B y magnitude may help stop magnetotail convection and release all the built-up flux to allow the onset to commence after northward turning of the IMF. If the IMF remains southward, the reduction of magnetotail convection due to a decreasing B y would lead to a pseudobreakup instead. In contrast, an increasing B y magnitude would step up plasma convection and downgrade magnetospheric substorm after the IMF turns northward.
[29] As a result for the existence of pseudobreakups and substorms with two onsets, not only the first onset commences spontaneously during steady southward IMF and the second onset occurs after northward turning of the IMF but the B y variation also affects magnetotail convection that may evoke (or weaken) the substorm-related activation while the IMF turns southward (or northward). -97A, 1994-084, 1989-046, and 1990-095 satellites from 0000 to 0600 UT on 4 September 1999. A dashed arrow denotes the Pi2 onset related to the pseudobreakup and solid arrows for those associated with substorm onsets. 
